Featured Application: The results of this research can be used in development of improved, cheaper and targeted techniques for differentiation of stem cells into specific tissues using the identified frequencies of electromagnetic radiation.
Introduction
Proteins are the main biomolecules that perform and control most biological processes in all living cells, tissues and organisms. Proteins exhibit their biological functions through selective interactions with other molecules, which could also be proteins and/or DNA. So far, the rules governing protein ability to selectively interact with other biomolecules have not been completely understood. The protein functions are exhibited through protein interactions and mostly through interactions between proteins and their receptors, which are proteins or complexes of proteins that selectively drive specific biological pathways. Currently, the interactions between proteins and their receptors are investigated mostly using 3D matching between interacting proteins, which is not explicit enough to explain the specificity of these interactions. Experimentally, protein functions and protein/receptor interactions are investigated by a number of techniques, including X-ray, MRI, spectroscopy, etc. However, although all these techniques are very expensive and time consuming, they still are not providing a complete understanding of the selectivity of protein interactions. Thus, there is a need for a theoretical/computational approach based on molecular biophysics that can investigate the specificity of protein/receptor interactions with more accuracy than 3D matching. Here, we used parathyroid hormone as an example to present the ability of the Resonant Recognition Model (RRM), which is a computational model based on molecular biophysics and mathematics, to investigate the specificity of protein functions and protein/receptor recognitions and interactions. The RRM is based on findings that certain periodicities (frequencies) within the distribution of free electron energies along the protein macromolecule are critical for its biological function and protein ability for selective recognitions and interactions.
On the other hand, there is an emerging need to use tissue engineering based on living cells as an alternative to tissue or organ transplantation. There is particular interest to differentiate stem cells into osteoblasts for bone regeneration, bone healing and bone transplantation. Parathyroid hormone (PTH) is involved in the stimulation of bone remodelling and in the induction of differentiation of bone marrow mesenchymal stromal/stem cells by enhancing bone morphogenetic protein signalling [1] .
The PTH is the principal regulator of calcium homeostasis in the human body and has been shown to influence and expand the bone marrow stem cell niche with both self-renewal and differentiation. As it has been shown that the population of pluripotent stem cells highly express parathyroid hormone type 1 receptors, it was postulated that parathyroid hormone has similar action as stromal cell-derived factor-1 (SDF-1α), which is crucial for the recruitment of stem cells to a number of diseased organs [2] .
Moreover, it has been shown that PhotoBioModulation (PBM) of specific blue and green light wavelengths initiates osteoblastic differentiation of human adipose-derived stem cells [3] . The research described in reference [3] presents the effect of PBM on both proliferation and differentiation of osteogenic stem cells. The effects of four different wavelengths (420 nm, 540 nm, 660 nm and 810 nm) were measured and it has been shown that wavelengths of 420 nm and 540 nm were more efficient in stimulating osteoblast differentiation compared to wavelengths of 660 nm and 810 nm [3] .
Here, we hypothesised that stimulation of osteoblast differentiation by specific blue and green light wavelengths is related to activation of proteins involved in osteoblast differentiation like PTH and SDF-1α. For this purpose, we have utilised the RRM model, which proposes that protein activation and function are based on specific wavelengths (frequencies) of electromagnetic radiation within ultra-violet, visible, infra-red and far infra-red light. Thus, by using the RRM, we have analysed the parathyroid hormone, its receptor and stromal self-derived factor with the aim to predict the characteristic wavelengths (frequencies) related to parathyroid hormone activities, particularly differentiation of stem cells into osteoblasts.
Methods and Materials

Resonant Recognition Model (RRM)
Here, we have used the RRM model to analyse PTH proteins, their receptors and stromal derived factor SDF-1α proteins to identify the characteristic wavelengths (frequencies) related to differentiation of stem cells into osteoblasts. These wavelengths (frequencies) have been compared with previously experimentally identified wavelengths of blue light radiation that can influence differentiation of stem cells into osteoblasts [3] .
The RRM model has been previously presented in detail [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] and is here presented within the Supplementary File. In summary, the RRM model analyses the distribution of free electron energies along protein and DNA macromolecules. It has been previously established [4] [5] [6] [9] [10] [11] [12] [13] [14] [15] [16] [17] that specific periodicities within this energy distribution [7, 8] are related to a specific biological function of proteins and consequently to their specificity to interact with their targets, including other proteins, protein receptors and DNA. In the case of the interaction between the protein and the protein receptor, it has been established that phases at the specific interaction frequency (wavelength) should be opposite. This means that a phase difference at this characteristic frequency between interacting macromolecules should be close to π (3.14 rad). The physical meaning of these interaction frequencies (wavelengths) has been established once when the charge transfer through the protein backbone was investigated [4] [5] [6] [9] [10] [11] [12] [13] [14] [15] [16] [17] . It was found that these wavelengths correspond directly to electromagnetic radiation wavelengths in the range between ultra-violet, visible, infra-red and far infra-red light. This finding has been experimentally proved in a number of examples [17] [18] [19] [20] .
Protein Sequences Analysed by RRM
The following protein sequences from the UniProt Database have been analysed using the RRM: Nine parathyroid hormone proteins: >sp|P48061|SDF1_HUMAN Stromal cell-derived factor 1 OS = Homo sapiens GN = CXCL12 PE = 1 SV = 1 >sp|P40224|SDF1_MOUSE Stromal cell-derived factor 1 OS = Mus musculus GN = Cxcl12 PE = 2 SV = 2 >sp|Q8UUJ9|SDF1_XENLA Stromal cell-derived factor 1 OS = Xenopus laevis GN = cxcl12 PE = 2 SV = 1 >sp|O62657|SDF1_FELCA Stromal cell-derived factor 1 OS = Felis catus GN = CXCL12 PE = 3 SV = 1 >sp|Q5EBF6|SDF1_XENTR Stromal cell-derived factor 1 OS = Xenopus tropicalis GN = cxcl12 PE = 3 SV = 1
Results
We have analysed parathyroid hormones and related proteins using the RRM model to find out their characteristic wavelengths (frequencies), which we propose to be related to their ability to initiate stem cells differentiation. When parathyroid hormone proteins from the UniProt Database, as listed above, were analysed using the RRM, the prominent common frequency was found at f1 = 0.4072 ± 0.0108, as shown in Figure 1 . According to the RRM model, the frequency f1 is characterising parathyroid hormone biological function, as well as representing an electromagnetic radiation wavelength of about 502 nm, which is within the blue spectrum of visible light.
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These results confirm that frequency f2 = 0.1885 ± 0.0108 is characterising PTH recognition to its receptor, while frequency f1 = 0.4072 ± 0.0108 is characterising PTH function which could be related to stem cell differentiation into osteoblasts. As has been proposed [2] that parathyroid hormone has similar action on initiation of stem cell differentiation into osteoblasts as SDF-1α, which is a key stem cell homing factor, SDF-1α proteins have been analysed using the RRM. The prominent common frequency was found at f3 = 0.3975 ± 0.0108, as shown in Figure 6 . Considering the calculation error, the frequencies f1 and f3 are overlapping and thus can represent the same biological function/interaction. Figure 6 . RRM cross-spectrum of stromal cell-derived factor-1 (SDF-1α) proteins. The prominent common characteristic frequency for these proteins is at f3 = 0.3975 ± 0.0108, which represents an electromagnetic radiation wavelength of about 502 nm.
To find out if frequency f3 is indeed common for parathyroid hormone proteins and SDF-1α proteins, these proteins have been analysed using the RRM. The prominent common frequency was found to also be at f3 = 0.3975 ± 0.0108, as shown in Figure 7 . According to RRM model this frequency represents an electromagnetic radiation wavelength of about 502 nm. These results confirm that frequency f2 = 0.1885 ± 0.0108 is characterising PTH recognition to its receptor, while frequency f1 = 0.4072 ± 0.0108 is characterising PTH function which could be related to stem cell differentiation into osteoblasts. As has been proposed [2] that parathyroid hormone has similar action on initiation of stem cell differentiation into osteoblasts as SDF-1α, which is a key stem cell homing factor, SDF-1α proteins have been analysed using the RRM. The prominent common frequency was found at f3 = 0.3975 ± 0.0108, as shown in Figure 6 . Considering the calculation error, the frequencies f1 and f3 are overlapping and thus can represent the same biological function/interaction.
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To find out if frequency f3 is indeed common for parathyroid hormone proteins and SDF-1α proteins, these proteins have been analysed using the RRM. The prominent common frequency was found to also be at f3 = 0.3975 ± 0.0108, as shown in Figure 7 . According to RRM model this frequency represents an electromagnetic radiation wavelength of about 502 nm. Figure 7 . RRM cross-spectrum of parathyroid hormone proteins and SDF-1α proteins. The prominent common characteristic frequency for these proteins is also f3 = 0.3975 ± 0.0108, which represents an electromagnetic radiation wavelength of about 502 nm.
To find out the common characteristics for all parathyroid hormone-related proteins, parathyroid hormone, parathyroid hormone receptor1 and SDF-1α proteins were analysed using the RRM. The two prominent common frequencies were found: The more prominent at f3 = 0.3975 ± 0.0108 and the less prominent at f2 = 0.1885 ± 0.0108, as shown in Figure 8 . According to the RRM model the frequency f3 represents an electromagnetic radiation wavelength of about 502 nm, which is within the blue spectrum of visible light, while the frequency f2 represents an electromagnetic radiation wavelength of about 1066 nm, which is within the infra-red spectrum. Figure 8 . RRM cross-spectrum of parathyroid hormone proteins, parathyroid hormone receptor1 proteins and SDF-1α proteins. The more prominent common characteristic frequency for these proteins is at f3 = 0.3975 ± 0.0108, which represents an electromagnetic radiation wavelength of about 502 nm, while the less prominent frequency is at f2 = 0.1885 ± 0.0108, which represents an electromagnetic radiation wavelength of about 1066 nm.
It can be observed from the results above that there are two characteristic frequencies related to PTH activity: f2 = 0.1885 ± 0.0108, related to recognition with its receptor1, and f3 = 0.3975 ± 0.0108, related to its common function with SDF-1α, i.e., initiation of stem cell differentiation into osteoblasts.
Discussion and Conclusions
Initiation and control of stem cell differentiation into osteoblasts is of particular interest for bone regeneration, bone healing and bone transplantation. As it has been shown that the population of pluripotent stem cells highly express parathyroid hormone type 1 receptors, it was postulated that Figure 7 . RRM cross-spectrum of parathyroid hormone proteins and SDF-1α proteins. The prominent common characteristic frequency for these proteins is also f3 = 0.3975 ± 0.0108, which represents an electromagnetic radiation wavelength of about 502 nm.
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Initiation and control of stem cell differentiation into osteoblasts is of particular interest for bone regeneration, bone healing and bone transplantation. As it has been shown that the population of pluripotent stem cells highly express parathyroid hormone type 1 receptors, it was postulated that Figure 8 . RRM cross-spectrum of parathyroid hormone proteins, parathyroid hormone receptor1 proteins and SDF-1α proteins. The more prominent common characteristic frequency for these proteins is at f3 = 0.3975 ± 0.0108, which represents an electromagnetic radiation wavelength of about 502 nm, while the less prominent frequency is at f2 = 0.1885 ± 0.0108, which represents an electromagnetic radiation wavelength of about 1066 nm.
Initiation and control of stem cell differentiation into osteoblasts is of particular interest for bone regeneration, bone healing and bone transplantation. As it has been shown that the population of pluripotent stem cells highly express parathyroid hormone type 1 receptors, it was postulated that parathyroid hormone has a similar action as SDF-1α in control of stem cells differentiation [2] . Moreover, it has been shown that the PhotoBioModulation (PBM) of specific blue and green light electromagnetic wavelengths encourage osteoblastic differentiation of human adipose-derived stem cells [3] .
Here, we hypothesised that stimulation of osteoblast differentiation by specific blue and green light wavelengths (frequencies) is related to activation of proteins involved in osteoblast differentiation like PTH and SDF-1α. For this purpose, we have utilised Resonant Recognition Model (RRM), which proposes that protein activation and function are based on specific wavelengths (frequencies) of electromagnetic radiation within ultra-violet, visible, infra-red and far infra-red light. Thus, by using the RRM model, we have analysed parathyroid hormones and related proteins with the purpose to predict wavelengths (frequencies) that characterise parathyroid hormone activities, particularly differentiation of stem cells into osteoblasts.
It can be observed from the results above that there are two important characteristic frequencies (wavelengths) for the activity of parathyroid hormone (PTH), namely parathyroid hormone receptor1 and stromal cell-derived factor-1 (SDF-1α). These frequencies (wavelengths) are f1/f3 = 0.3975 ± 0.0108 (502 nm) and f2 = 0.1885 ± 0.0108 (1066 nm).
According to all above results, the frequency f2 = 0.1885 ± 0.0108 represents parathyroid hormone recognition/interaction with parathyroid hormone receptor1, while the frequency f1/f3 = 0.3975 ± 0.0108 represents the common function of parathyroid hormone and stromal cell-derived factor-1, which is the stem cell differentiation function. It is important to observe that a wavelength of 502 nm related to frequency f1/f3 is exactly between the wavelengths of 420 nm and 540 nm, which in a previous experiment was found to be effective in stimulating osteoblast differentiation [3] . This indicates that specificity of wavelengths (frequencies), which stimulate osteoblast differentiation, could be explained by photo activation of proteins involved in osteoblast differentiation, as predicted by the RRM model. Even more, as the RRM model predicts that the most effective wavelength would be 502 nm, which is in between the already tested wavelengths of 420 nm and 540 nm [3] , we propose that a wavelength of 502 nm would induce even more efficient stimulation of osteoblast differentiation. Thus, the findings of this research can be used in development of improved techniques for differentiation of stem cells using the electromagnetic radiation of a specific wavelength of 502 nm. Future research should involve validation of these results by experimental testing of stem cell differentiation. 
